Platinum and base metals (Al, Fe, Si) are present in the chloride leaching solutions of spent reforming catalysts. In order to develop a process to recover platinum from such leaching solutions, batch and continuous ion exchange experiments were performed using a strong anionic resin (DiaionSA10AP). The adsorption equilibrium data of Pt are described by the Langmuir adsorption isotherm. Batch experiments indicate that it is possible to separate Pt and Fe from other metal ions in the present leaching solution. Fe was selectively removed from the loaded resin using diluted HCl, while Pt was eluted using thiourea after Fe removal. The results of column experiments verified the feasibility of the separation and recovery of platinum from leaching solutions using the present process. The elution efficiency exceeded 99% for both Pt and Fe. The recovery percentage of Pt from the leaching solution using this method was 99.3%.
Introduction
Spent catalysts from the automotive, chemical and petroleum industries are valuable secondary resources for platinum group metals (PGMs). 15) Recovery of PGMs from these resources is an attractive way to manufacture materials due to economical, as well as environmental considerations. 3, 6) In hydrometallurgical treatment processes, the valuable metals are first dissolved by a leaching process using various lixiviants. 2, 4, 79) In order to produce the metallic compounds of platinum, Pt in the leaching solution must first be separated from the base metal ions.
Ion exchange and solvent extraction are generally employed to separate metal ions from the leaching solution.
1020)
Solvent extraction has been used for the recovery and separation of PGMs from aqueous solutions, however a very high concentration of PGMs (over hundreds of mg/dm 3 ) in the solution is required for this process to work efficiently. 21) Ion exchange was reported to be a powerful method to selectively recover low concentrations of PGM ions from solutions containing high amounts of base metals, particularly aluminum. 22) Moreover, the operation of ion exchange is simple and the production of high purity Pt is possible through this method. Therefore, when the concentration of Pt in the hydrochloric acid solution is not high, ion exchange resins can be selected to separate Pt from other metal ions.
In our previous study, the spent reforming catalyst (Pt/ Al 2 O 3 ) was roasted at 800°C to eliminate volatile substances. Platinum and part of the base metals (Al, Fe, Si) in the roasted spent catalyst were dissolved using a mixture of 20 vol% HCl and 3 times the stoichiometric ratio of H 2 O 2 . 23) According to the distribution diagram of Pt in aqueous solutions, the hexachloroplatinate ion (PtCl 6 ¹ ) predominates in strong hydrochloric acid solutions (HCl ² 3 kmol/m 3 ). 22, 24) In the case of iron, a variety of complexes, such as FeCl , exist in the chloride solution. 24, 25) The mole fraction of each complex depends on the concentration of chloride ions. Employing anionic resins would lead to loading of anions (PtCl 6 ¹ and FeCl 4 ¹ ) and result in their separation from the cations. Furthermore, during an extraction process, the removal of Fe from the loaded organic (Aliquat336) is much easier than the removal of Pt. 23) Thus it is of value to investigate the possibility of using anionic resins to separate Pt from the leaching solution containing iron and other cations.
Diaion SA10AP, a strongly basic anionic resin, is widely used for water purification. Little information has been found regarding not only the separation efficiency of Pt from real leaching solutions containing Al, Fe, and Si with Diaion SA10AP resin, but also the effective elution of Pt from the loaded resin.
In the present work, Diaion SA10AP resin was employed to separate platinum from the chloride leaching solution of spent reforming catalyst. The adsorption equilibrium data of Pt on Diaion SA10AP resin was first investigated using the Langmuir, Freundlich and Sips isotherm models. The conditions for separation of Pt and Fe from the leaching solution were obtained in batch experiments. Column experiments were employed to construct the breakthrough curves for Pt and Fe loading onto Diaion SA10AP resin. The recovery percentage and purity of Pt from the chloride leaching solution after column experiments is reported.
Experimental

Chemicals and resin
The chloride leaching solution was obtained by dissolving a spent reforming monometallic catalyst (Pt/Al 2 O 3 ) under optimum leaching conditions, which were reported in our previous study.
23 ) The compositions of the spent catalyst and the leaching solution are listed in Tables 1 and 2 , respectively. The concentration of HCl in the leaching solution was 5.9 kmol/m 3 . The elution solutions were prepared by dissolving NaCl, HNO 3 , Na 2 CO 3 , thiourea, Na 2 S 2 O 3 ·5H 2 O and NaOH in double distilled water. All the chemicals used in this study were analytical pure grade. Diaion SA10AP resin (Mitsubishi chemical) was employed to adsorb platinum from the leaching solution. It is a commercial and strong basic anion exchanger with quaternary ammonium functional groups. Its physicochemical characteristics are presented in Table 3 . In the present study, the resin was used as received, without any treatment.
Ion exchange procedure
Batch experiments were carried out in a shaking incubator (VS-8480SF, Vision Scientific Co., LTD.) using a 100 cm 3 screwed cap bottle at 25°C. Twenty mL of leaching solution was bottle rolled for 24 hours, together with resin in the concentration range of 0.5³100 g/dm 3 . After the solution was separated by filtration, the concentration of metal ions in the solution was measured by using ICPS-7500 (Shimadzu). The concentration of metals loaded onto the resin was obtained by mass balance. The elution experiments were carried out by mixing the loaded resin with eluent in the same manner.
In continuous experiments, a glass column (250 © 10 mm) was used. One or five grams of resin were poured into the column to obtain a packed column. Throughout the entire operation process, the temperature of the column was controlled at 25°C using a water circulator bath (Scientific Co., Vs-1902WF). The flow direction in the column is downward and the flow rate of the feed solution/elution solution was controlled at 1.5 mL/min using a pump (QG20 lab pump, FMI). The effluent was fractionated into portions of desired volume, and the concentration of metal ions in each fraction was measured using an ICPS-7500 (Shimadzu).
Results and Discussions
3.1 Batch experiments 3.1.1 Adsorption of platinum from platinum chloride solution In order to investigate the adsorption behavior of Pt on the Diaion SA10AP resin, loading experiments were carried out using a synthetic PtCl 4 solution. The concentrations of Pt and HCl in the feed solution were 124 mg/dm 3 and 5 kmol/m 3 , respectively. The concentration of resin was varied from 0.5 to 150 g/dm 3 . Langmuir, Freundlich and Sips adsorption isotherms were fitted to describe the adsorption isotherm of Pt on DiaionSA10AP resin. These isotherms are frequently used for analyzing experimental adsorption equilibrium data of metal ions during ion exchange.
26) The equilibrium models often provide some insight into the adsorption mechanism, the surface properties and the affinity of the adsorbent. These isotherm equations are as follows,
where c e is the supernatant concentration at equilibrium (mg/dm 3 ), b is the Langmuir affinity constant and q m is the maximum adsorption capacity of the material (mg/g), assuming a monolayer of adsorbate was taken up by the adsorbent.
where k is the Freundlich constant related to the adsorption capacity and n is the Freundlich exponent.
where b is the Sips constant related to the affinity constant and q m is the Sips maximum adsorption capacity (mg/g). The linear least squares method and a pattern search algorithm were used to obtain the parameters for each adsorption isotherm. The value of the mean percentage error was used as a test criterion for the fit of the correlations. The mean percentage deviation between the experimental and predicted values was obtained using eq. (4),
where q cal,k is each value of q predicted by the fitted model, q exp,k represents each value of q measured experimentally, and N is the number of experiments performed. The obtained parameters and average percentage difference between the measured and calculated values for the adsorption of Pt on Diaion resin in 5 mol/dm 3 of HCl are given in Table 4 . The fittings of adsorption isotherms to the adsorption equilibrium data of Pt on Diaion SA10AP resin in 5 mol/dm 3 of HCl are presented in Fig. 1 . The results show that Langmuir and Sips model fit the adsorption data well with little difference (Fig. 1 ). Since Sips model has one more adjustable parameter, the error value is smaller than that of Langmuir model. Thus, Langmuir model is sufficient to describe the adsorption of Pt on Diaion resin under the present conditions. The corresponding loading capacity of Pt was 128.1 mg/g. This value suggests that Diaion SA10AP resin is a good adsorbent for Pt uptake from aqueous solutions. 3.1.2 Adsorption of platinum and iron from the leaching solution In order to determine the effect of resin concentration on the loading of metals from leaching solutions, batch experiments were carried out by varying the concentration of resin from 0.5 to 100 g/dm 3 . The chloride leaching solution containing Pt, Fe, Al and Si was used as the feed solution. The results in Fig. 2 show that Diaion SA10AP resin has good selectivity of both Pt and Fe, compared with the other ions (Al, Si) in the leaching solution. The loading percentage of both Pt and Fe increased when the concentration of resin was increased. When the concentration of resin was higher than 25 g/dm 3 , most of the Pt and Fe were loaded onto the resin simultaneously, leaving Al and Si in the effluent. Therefore, it is possible to separate Pt and Fe from other metals ions in the leaching solution by varying the concentration of resin.
The adsorption of Pt and Fe can be explained by the nature of the predominant species of each element (as explained in the introduction). Since the predominant species of platinum in the leaching solution is PtCl 6 ¹ , and the adsorbable iron species is FeCl 4 ¹ , the general reaction for the adsorption of Pt and Fe can be represented as follows,
where RCl represents the chloride form of Diaion SA10AP resin.
Removal of Fe
In ion exchange processes, elution of metals from the loaded resin is an important step to obtain the metal solution. In the reported literature, Fe was easily removed from various loaded organics, such as TBP and Aliquat336, using distilled water and diluted acid, respectively. 16, 25) In this study, in order to remove iron from the loaded resin, 0.0001 to 0.01 mol/dm 3 of HCl, and 1 mol/dm 3 of HNO 3 were tested as eluents. The loaded resin was obtained from the batch experiments by loading the leaching solution with 40 g/dm 3 of resin. The results (Table 5) suggest that when an equal volume of 0.0001 mol/dm 3 of HCl or 1 mol/dm 3 of HNO 3 is employed as eluent, iron is completely eluted from the loaded resin, while the elution percentage of iron decreases slightly to 83.2% with an increase in the concentration of HCl from 0.0001 to 0.01 mol/dm 3 . Under these elution conditions, the elution percentage of Pt was zero. Therefore, it can be concluded that Fe can be selectively removed from the loaded resin using 0.0001 mol/dm 3 of HCl.
Elution of Pt
It is reported that acidic solutions can elute platinum from some loaded resins, depending on the experimental conditions. 27 ) Na 2 CO 3 , NaCl, NaOH, thiourea and Na 2 S 2 O 3 have each shown the ability to elute platinum from several basic anion exchange resins. 15, 28) In this study, elution of platinum from the loaded Diaion SA10AP resin, after removal of iron, was tested using all of the above agents. Loading experiments were carried out by loading the leaching solution with 40 g/dm 3 of resin. Co-loaded iron was removed using 0.0001 mol/dm 3 of HCl before the elution test of Pt. The results are summarized in Table 6 . Under the present experimental conditions, NaCl, NaOH, and Na 2 S 2 O 3 could not elute Pt from the loaded Diaion SA10AP resin. The elution percentage of Pt was lower than 5% when HNO 3 and Na 2 CO 3 were used as eluents. However, when 0.1 mol/dm 3 of thiourea was used as eluent, the Pt that was loaded onto the Diaion SA10AP resin was completely eluted. This fact could be explained by the hard and soft acid and base theory (HSAB theory). 29) Thiourea is a soft ligand, which was also reported to be effective in stripping Pt/Pd from a loaded organic phase, such as DEHTPA and Alamine336. 28, 30) The elution reaction might be explained by the following reaction:
where RCl and Tu represent the chloride form of Diaion-SA10AP resin and thiourea, respectively.
Column experiments 3.2.1 Breakthrough curves of Pt and Fe
In order to obtain the breakthrough curves for Pt and Fe, column experiments were carried out by passing the leaching solution through a column containing 1 g of resin. The effluent was fractionated into portions of 4.2 cm 3 (2 bed volume) for the first 42 cm 3 and 50.4 cm 3 (24 bed volume) for the remainder. The obtained results are represented as a plot of concentration fraction (C/C 0 , a ratio of the concentration of metal ions in the effluent to that in the feed solution) to bed volume in Fig. 3 . The change in concentration of Al and Si were zero before and after effluent was passed through the column, indicating that the loading of Al and Si onto the resin is negligible. The breakthrough curves of Pt and Fe were obtained. These breakthrough curves can be utilized to calculate the height of a practical exchange plate (HPEP) for design intentions and validation of mathematical models for the behavior of ion exchange beds. 31) 
Separation of Pt and Fe from leaching solution
Since the results of the batch experiments indicate that it is possible to separate Pt from Fe, Al and Si in leaching solutions using a process of adsorption and selective elution, a series of continuous column experiments was conducted to obtain the recovery efficiency of Pt from the leaching solution. According to Fig. 2 , when the concentration of resin is higher than 25 g/dm 3 , most of the Pt and Fe can be loaded onto the resin. In column experiments, 200 cm 3 of leaching solution was poured into a column containing 5 g of resin. Each bed volume of effluent was collected and the concentration of metal ions was measured. The results (not given as a figure) suggest that 99.7% of Pt and 99.6% of Fe were loaded onto the resin simultaneously, while the differences in both Si and Al concentrations before and after passing through the column were negligible. Thus, Pt and Fe can be separated from other metal ions in the chloride leaching solution through ion exchange using Diaion SA10AP resin under the present conditions. The loaded resin was used for the following stripping experiments.
Removal of Fe from the loaded resin
Based on the batch experiment results, 0.0001 mol/dm 3 of HCl was used to remove Fe from the loaded resin. Then 0.0001 mol/dm 3 of HCl was poured into the column containing the loaded resin. The concentration of Fe in the effluent was measured. The results are represented as a function of cumulative elution percentage of metal to bed volume in Fig. 4 . This indicates that the elution of Fe with 0.0001 mol/dm 3 of HCl was easy and fast; more than 80% of loaded Fe was removed after 1 bed volume was collected. The amount of Fe in the effluent increased with an increase in the bed volume. Fe was completely eluted from the loaded resin after13 bed volumes. The concentration of Pt was negligible in each bed volume effluent.
Elution of Pt from the loaded resin
In order to recover Pt from the loaded resin, 0.1 mol/dm 3 of thiourea was used for the elution of Pt from the loaded resin after removal of Fe. As shown in Fig. 5 , the cumulative elution percentage of Pt increased with an increase in the volume of thiourea passed through the column. 90% of Pt was eluted after 10 bed volumes of effluent were collected. When 20 bed volumes of effluent were collected, 99.6% of Pt was eluted from the loaded resin. The concentration of Pt in the effluent that was further collected was lower than 0.5 mg/dm 3 . The entire process of separating and recovering Pt from the chloride leaching solution is summarized in Fig. 6 . By using this method, 99.3% of the Pt with a purity of 99.6% was separated and recovered from the leaching solution.
Conclusions
Platinum was recovered from the chloride leaching solution of spent reforming catalysts using Diaion SA10AP resin. The adsorption of Pt on DiaionSA10AP resin from hydrochloric acid solution can be described using Langmuir adsorption isotherm. Under the present experimental conditions, platinum and iron were adsorbed onto the resin simultaneously, leaving Al and Si in the solution. The relatively low selectivity of platinum was overcome by selective elution using different eluents. Iron was easily removed using 0.0001 mol/dm 3 of HCl, while platinum was eluted using 0.1 mol/dm 3 of thiourea. This method can be utilized to recover/separate platinum from chloride leaching solutions containing Al, Si, and Fe. 6 General scheme for the recovery of platinum from a spent petroleum catalyst by leaching processing, followed by ion exchange.
